We report on a double quantum dot which is formed in a width-modulated etched bilayer graphene nanoribbon. A number of lateral graphene gates enable us to tune the quantum dot energy levels and the tunneling barriers of the device over a wide energy range. Charge stability diagrams and in particular individual triple point pairs allow to study the tunable capacitive inter-dot coupling energy as well as the spectrum of the electronic excited states on a number of individual triple points. We extract a mutual capacitive inter-dot coupling in the range of 2 -6 meV and an inter-dot tunnel coupling on the order of 1.5 µeV.
I. INTRODUCTION
Graphene is a promising material for future quantum devices and quantum information technology [1] . In particular, graphene quantum dot devices are interesting candidates for spin qubits with long coherence times. The weak spin-orbit coupling [2, 3] and weak hyperfine interaction is expected to be of advantage compared to state-of-the-art GaAs-devices. However, the gapless band structure of graphene makes it hard to electrostatically confine charge carriers. This can be overcome by nanostructuring graphene, where it has been shown that an etching-based "paper cutting" technique leads to graphene nanodevices where transport is dominated by a disorder-induced energy gap. Consequently, graphene nanoribbons [4] [5] [6] [7] [8] [9] [10] [11] [12] , single-electron transistors (SETs) [13] [14] [15] , graphene quantum dots (QD) [16] [17] [18] even with charge detectors [16, 19, 20] and graphene double quantum dots [21] [22] [23] [24] [25] have been demonstrated successfully. These devices allowed the experimental observation of excited states [22, 26] , spin states [27] and the very few carrier regime [28] . Almost all of these studies were based on single-layer graphene and showed device limitations related to the presence of edge roughness, disorder and unintended vibrational degrees of freedom [29] . Bilayer graphene is an interesting candidate to overcome some of these shortcomings. In particular, bilayer graphene allows to open a band gap by an outof-plane electric field [30, 31] , which may enable a soft confinement potential and may reduce the influence of localized edge states. Furthermore, it is expected that ripples and substrate-induced disorder are reduced, which may also increase the mechanical stability suppressing unwanted vibrational modes. Here we present a bilayer graphene double quantum dot with a number of lateral gates. The gates allow to tune transport over a wide energy range and they enable to operate the device in different configurations. We focus on the double quantum dot (DQD) configuration and show characteristic honeycomb-like charge stability diagrams. More specifically, we discuss the electrostatic tunability of the mutual capacitive inter-dot coupling energy. Finally, we also extract an inter-dot tunnel coupling en- ergy.
II. DEVICE FABRICATION
The device is fabricated by mechanical exfoliation of natural graphite by adhesive tapes [32, 33] . The substrate material consists of highly doped silicon (Si ++ ) bulk material covered with around 300 nm of silicon oxide (SiO 2 ) in order to identify bilayer graphene flakes due to absorption and interference. Before deposition, reference alignment markers are patterned on the substrate to relocate the flakes for further processing and characterization. In particular Raman spectroscopy measurements are used to identify bilayer graphene flakes [34, 35] . The graphene flakes have to be structured to submicron dimensions in order to fulfill the device design requirements. We use a technique based on resist spin coating, electron beam lithography (EBL), development and sub-sequent etching of the unprotected graphene. We use an EBL resist [polymethylmethacrylate (PMMA)] with a thickness of 80 nm and short etching time to define the nanoscale structures. We follow earlier work [13] , where it has been shown that short (5 s) mainly physical reactive ion etching (RIE) based on argon and oxygen (80:20) provides good results without influencing the overall quality of the graphene flake [36] . After etching and removing the residual EBL resist, the graphene nanostructures are contacted by an additional EBL step, followed by metalization and lift-off. Here we evaporated 5 nm chrome (Cr) and 50 nm gold (Au) for contacting the bilayer graphene double quantum dot device. A scanning force microscope image of the investigated device is shown in Figure 1(a) , where the graphene structures (bright areas) resting on SiO 2 (dark areas) are highlighted by the white dashed lines. The bilayer double quantum dot consists of three 30 nm wide and 50 to 100 nm long constrictions, two are separating the source and drain leads from the double quantum dot and one is separating the left (LQD) from the right (RQD) quantum dot. Both bilayer graphene quantum dots have a diameter of approximately 50 nm. In this study we use the left (lg) and the right (rg) gate to change the number of carriers in the left and the right QD, while the central gate (cg) is used to tune the inter-dot coupling. Additionally, the back gate (bg) is used to adjust the overall Fermi level. The Raman spectrum shown in Figure 1 (b) shows that the investigated device is indeed based on a bilayer graphene flake (see also Fig. 1 (b) in Ref. [25] ). The FWHM of the 2D-peak is 57.9 cm −1 with a 18.8 cm
spacing of the two inner Lorentzian peaks which in combination with the shoulder on the left side (see 2D peak in Figure 1 (b)) provides a good finger print for the bilayer nature [34, 35] . The inset in Figure 1 (b) shows an optical image of the contacted device (see arrow).
III. MEASUREMENTS
The measurements have been performed in a dilution refrigerator at a base temperature of 10 mK. We have measured the two-terminal conductance through the bilayer graphene double quantum dot by applying a symmetric dc bias voltage while measuring the current through the device with a resolution better than 50 fA.
A. Device Characterization
To characterize the double quantum dot device on a large energy scale the back gate voltage is tuned over a range of 60 V. Figure 1 (c) shows the source-drain current as a function of the back gate voltage. We observe a socalled transport gap [7] above V bg > 50 V (V b = −20 mV) and hole dominated transport for lower back gate voltages (see inset in Fig. 1(c) ). The large-scale current fluctuations in the transport gap region of the DQD device One characteristic slope is observed, which separates the area of suppressed current (upper right corner) from the area of elevated hole transport (lower left corner). The three tunneling barriers can be tuned almost equally by either the back gate or the sum of the left, right and central gates (α = ∆V bg / ∆V lg,rg,cg = 1.5), which is in a good agreement with the device design and with earlier studies [28] . By fixing the back gate and the central gate voltage we can record charge stability diagrams by varying the left and right gate voltages independently. In Figure 2 (a) we show a finite bias (V b = 8 mV) measurement, where the honeycomb pattern is observed, which is characteristic for the charge stability diagram of a DQD [37] . It is crucial that electrical transport through the DQD is only possible in the case where the energy levels in both quantum dots are aligned within the source-drain bias window. From this measurement we can extract the lever arms and the single quantum dot addition energies, such as E LQD add = 23 meV and E RQD add = 13 meV for the left and right quantum dot, respectively. 
B. Capacitive Inter-dot Coupling
In this section we discuss the effect of the central gate voltage on the capacitive coupling between the left and the right quantum dot (i.e. the capacitive inter-dot coupling). In Figure 2 (b) we show a schematic illustration of a triple point pair highlighting the voltage differences, which allow to determine the mutual capacitive coupling energies, E Fig. 3(a) ). However, for the triple point pair with (M+5,N-1) electrons the capacitive inter-dot coupling energy is decreasing as function of the central gate voltage (see full squares in Fig. 3(a) ). The corresponding triple point pairs from which the coupling energies have been extracted are shown in Fig. 3(b) . With increasing central gate voltage the spacing between the triangle tips is decreasing, which is directly related to the decreasing capacitive coupling energy. A closer inspection of the excited states shows not only a coupling energy dependent reduction of the current within the triangles, but also a change in the coupling of the excited state with an energy of ≈ 2 meV (see line running parallel to the base-line; highlighted by the black arrow). In the first row of Figure 3 (b) the excited state resonance is almost completely suppressed and becomes more clear when increasing the central gate voltage (see second row). Due to capacitive cross-talk the overall position of the triple point pair changes in the left and right gate voltage plane as function of the central gate voltage. This is highlighted by the distance to the fixed black cross (+), which is fixed to the very same position in the gate voltage plane. For a negative bias (V b = −6 mV) the same dependence is observed (see open squares in Fig. 3(a) and Fig. 3(c) ). Although the absolute value of the bias is the same, the trace with the open squares has an offset, compared to trace with the full squares. Please note that the corresponding triple point pairs (see Fig. 3(c) ) nicely show the effect of the central gate on a charge rearrangement (see vertical dotted line). In the first two panels the rearrangement is located at the left edge of the triple point. With increasing central gate voltage the triple point pair is moving to lower right and left gate voltage values. For the rearrangement, which is located very close to the right barrier (vertical dotted line), the crosstalk is significantly lower and therefore it moves through the triangles and lies outside for central gate voltages above V cg > 7.58 V. Overall, we observe coupling energies ranging from about 2 meV to 6 meV. This is by a factor of 2 larger, compared to values from an earlier study on a single-layer double quantum dot [21] . This difference might be explained by the considerably smaller size of the investigated quantum dots in our work. More importantly we also observe a rather non-monotonic behavior of the capacitive coupling strength as function of V cg and (M,N). This is most likely due to a disorder dominated electrostatic landscape in the narrow constriction connecting the two quantum dots, which is in agreement with recent experiments on graphene tunneling barriers [19] .
C. Inter-dot Tunnel Coupling
Transport through the quantum dot states can be analyzed more quantitatively using the result from Stoof and Nazarov for resonant tunneling [38] . In the limit of weak inter-dot tunnel coupling t m ≪ Γ in,out , where t m is the inter-dot tunnel coupling, and Γ in,out are incoming and outgoing tunnel rates, the current I follows a Lorentzian line shape as a function of the detuning energy ε,
where h is the Plank constant. In Figure 4 (a) we plot two line-cuts along the detuning axis for a positive and a negative bias (V b = ± 6 mV), and Lorentzian line fits to the ground state lines. Please note that in particular in the lower panel of Fig. 4 (a) the excited states at an energy of 1.8 meV and 3.6 meV are nicely visible (see arrows). The corresponding triple points with constant central gate voltages of V cg = 7.465 V (upper panel) and V cg = 2 V (lower panel) are shown in Figure 4(b) . Following Ref. [23] the fitting is done only for the data points outside of the bias triangle in order to minimize the contributions from the inelastic transport. We extract from the fittings a tunnel rate from the right dot to drain hΓ R→d ≈ 210 µeV and an inter-dot tunnel rate ht m ≈ 1.5 µeV. From negative bias we obtain a tunnel rate from the left dot to source hΓ L→s ≈ 420 µeV and an inter-dot tunnel rate ht m ≈ 1.7 µeV. These values are in reasonable agreement with the results reported by Liu et al. [23] . The out of the dot tunnel rates have the same order of magnitude. The inter-dot tunnel rate, however, is in our case by a factor of six smaller (t m,Liu = 10 µeV), which might be explained by the different device design. In their case the double dot is formed by two top gates on a 20 nm wide graphene nanoribbon. The tunneling barriers, induced and controlled by the 40 nm wide central gate, seem to be more transparent, compared to our side gated 30 nm wide constriction. Please note that the extracted inter-dot tunnel rate is also consistent with the upper bound of t ≤ 20 µeV estimated by Molitor et al. [22] for a single-layer graphene double quantum dot.
IV. CONCLUSION
We have fabricated a bilayer graphene double quantum dot device, which can be tuned by a number of all-graphene lateral gates. The device has been characterized on a large energy range and its functionality is demonstrated by charge stability diagrams and wellresolved triple points. We have studied the mutual capacitive inter-dot coupling energy E m and estimated the tunnel coupling energy t m . By varying the central gate voltage we are able to tune E m systematically from 2 to 6 meV which is in good agreement with former results for single-layer graphene double quantum dots [22, 23] , taking into account the smaller size of the presented quantum dots. Furthermore, the detailed investigation of individual triple point pairs has allowed to determine electronic excited state energies and an inter-dot tunnel rate of around 1.5 µeV which is roughly one order of magnitude lower, compared to recent results reported for single-layer graphene double dots [22, 23] . Most likely this difference might be due to the different device designs and architectures. However, further investigations and more statistics are needed to elucidate this issue. In summary these results give insights into tunable bilayer graphene double quantum dot devices and the ability to tune the capacitive inter-dot coupling energy which is promising for the implementation of spin qubits in future graphene devices.
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